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Abstract. We have carried out a careful magnetic neutron scattering study of the heavy 
fermion compound URu2Si2 to probe the possible existence of a small magnetic moment 
parallel to tetragonal basal plane in the "hidden-order" phase. This small in-plane component 
of the magnetic moment on the uranium sites 5j| has been postulated by two recent models 
(rank-5 superspin/hastatic order) aiming to explain the hidden-order phase, in addition to the 
well-known out-of-plane component S± ~ 0.01-0.04 /xb/U. In order to separate Su and S± 
we take advantage of the condition that for magnetic neutron scattering only the components 
of the magnetic structure that are perpendicular to the scattering vector Q contribute to the 
magnetic scattering. We find no evidence for an in-plane magnetic moment Su . Based on the 
statistics of our measurement, we establish that the upper experimental limit for the size of any 
possible in-plane component is S^ ax < 1 - 10 3 /Ub/U. 
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1. Introduction 

In compounds that contain transition metal, lanthanide, or actinide ions with partially filled 
d- or / -electron shells, the strong electronic correlations originating in the hybridization 
of localized d- or / -electron and conduction electron states often leads to the emergence 
of new electronic ground states such as heavy fermion metals, complex magnetic order, 
quadrupolar order, non-Fermi-liquid (NFL) behavior, and unconventional superconductivity 
(SC).[1J The search for and the understanding of novel electronic ground states thus is an 
important research direction in the study of strongly correlated electron phenomena. 

A prime example of such emergent behavior is the "hidden-order" (HO) phase in the 
heavy fermion compound URu 2 Si 2 that occurs below T = 17.5 K and coexists with SC 
below T c = 1.5 K.fl6][71[8]| Neutron scattering experiments demonstrate the presence of a small 
antiferromagnetic moment S± ~ 0.01-0.04 /Ub/U perpendicular to the tetragonal basal plane 
in the HO phase that is, however, much too small to account for the entropy of w 0.2Rln(2) 
associated with the observed specific-heat anomaly. []9l[T0l[IIl Recently, more detailed neutron 
scattering studies have, however, put forth the view that the magnetic structure in the HO 
phase is induced by strain |[T0l [HJ and is due to a small amount of the neighboring large 
moment antiferromagnetic (LMAFM) phase that emerges at critical pressures P c > 0.5- 
1.5 GPa.Ha 

This led to the terminology HO[13J to allude to the unknown identity of the 
corresponding order parameter (OP) that has eluded identification for almost three decades. 
Notably, the search for the OP of the HO phase has attracted an enormous amount of 
attention, and a multitude of models to explain the HO phase and its elusive nature have 
been proposed (see Ref.[14] and references therein). However, to date none of the models 
could be confirmed, often because the nature of the corresponding complex OP cannot be 
easily verified by means of current experimental methods. 

Recent magnetic torque experiments suggest that the HO phase spontaneously breaks the 
rotational symmetry of the crystal in the [110] direction. In combination with the absence of 
lattice distortions through the HO transition. |[T5l [T6ll this suggests that the broken symmetry 
is solely of electronic origin. Interestingly, this new experimental constraint rules out many 
previously proposed models for the HO phase (see e.g. Ref. [14]), and has induced a flurry of 
new theoretical proposals, such as dynamical symmetry breaking. [fT71[T8l staggered spin-orbit 
coupling order, [[P9l spin-nematic states, (20] a rank-5 superspin,[21] and hastatic order. Il22l 
Here we focus on the latter two, which both propose a non-zero magnetic moment S\\ in the 
tetragonal basal plane - a prediction that can be experimentally tested via magnetic neutron 
diffraction. 

The OP proposed by Rau et al. EH is a rank-5 E type spin density wave between the 
5/ crystal field doublets 1^ and 1^ . This candidate for the HO OP is based on a tight 
binding model for the itinerant heavy quasiparticles in URu2Si2. The proposed OP breaks 
both time reversal symmetry and the lattice point group symmetry D 4h , consistent with the 
torque magnetometry results. For this OP a small antiferromagnetic magnetic moment S\\ in 
the tetragonal basal plane oriented along the [110] direction ordered at a wave vector (0,0,1) 
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is expected due to second-order correlations. 

Chandra et g/. ll2"2l have based their proposal for the HO OP on the Ising-like nature of 
local 5/ moments in URu 2 Si2,[[6l as well as on the recent observation that the quasiparticles 
in the HO phase exhibit a giant Ising anisotropy. ll23l l24l They demonstrate that such Ising 
quasiparticles result from a spinor order parameter that breaks double time-reversal symmetry, 
mixing states of integer and half-integer spin by hybridizing the conduction electrons with 
Ising 5/ 2 states of the uranium atoms. This OP accounts for the large specific heat jump and 
the torque magnetometry results. Similar to the proposal by Rau et a/.[[2TT| a small in-plane 
magnetic moment S\\ is predicted. Estimates from this theory suggest that Su is of the order 
of 0.015 //fi/U, which would be detectable in a sensitive neutron diffraction experiment. 

To date such an in-plane magnetic moment in the HO phase of URu2Si2 has not been 
observed. Establishing an experimental limit for the size of S\\ is therefore highly desirable 
in order to guide current and future theoretical efforts in disentangling the nature of the HO 
phase. Here we show by means of a carefully designed neutron diffraction study that within 
the detection limit of state-of-the-art neutron scattering no static in-plane magnetic moment 
exists within the HO phase. 

2. Experimental Details 

The sample used for this work is a 7 g single crystal of URu2Si2 synthesized via the 
Czochralski technique using a tetra-arc furnace. The sample has been characterized by both x- 
ray and neutron diffraction measurements. High sample quality is demonstrated by a residual 
resistance ratio of ^10 within the tetragonal plane that is identical to other neutron scattering 
studies of high quality single crystals. 0~U 

Our measurements were carried out on the BT-7 thermal triple axis spectrometer at 
the NIST Center for Neutron Research! 25). BT-7 was operated in elastic mode with the 
wavelength A = 2.36 A. To reduce contamination due to higher-order Bragg scattering at the 
monochromator PG filters both up and down stream of the sample position were employed. 
The instrument was optimized for high intensity in order to search for the postulated in-plane 
magnetic moment and used a position-sensitive detector (PSD) without the analyzer. BT-7 
was equipped with an 80' Soller collimator in front of the sample position and an 80' radial 
collimator in front of the PSD. 

3. Separating in-plane and out-of-plane magnetic moments 

In order to separate the postulated in-plane (S\\) from the well-known out-of-plane (S±) 
component of the weak magnetic moment we have exploited the condition that the magnetic 
scattering intensity depends on the mutual direction between the magnetic moments and 
the scattering vector Q. The magnetic neutron scattering cross-section is proportional to 
^ a i<5 ai 5 — Q a Qp)Mq Mq, where Q and Mq are a unit vector parallel to the scattering 
vector Q and the magnetic structure factor, respectively, a and (3 describe their components 
with a, ft = x, y, z. The magnetic structure factor is the Fourier transform of the local 
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Figure 1. The magnetic structure associated with the hidden-order phase of URu2Si2 
is illustrated (a,b) together with the geometry used in our neutron diffraction experiment 
to disentangle the (c) known and (d) theoretically predicted components of the magnetic 
moments. For clarity only the magnetic uranium ions are shown. Panel (a) shows the known 
magnetic structure as reported in the literature^ [TO] QT) with the magnetic moments on the 
two uranium sites perpendicular to the basal plane (S±). In (b) we show the theoretically 
predicted additional component Sn that lies within the tetragonal basal plane and is directed 
along the (1 10) direction |2T1 l22ll . In (c) and (d) we show that our sample was oriented so that 
only [HOL] reflections were accessible (cf. blue shaded plane). Note that the coordinate frames 
in (c,d) are rotated 90° around the crystallographic ( 100)-axis with respect to (a,b). In magnetic 
neutron scattering only components of the magnetic structure that are perpendicular to the 
scattering vector Q contribute to the scattering (see (a,b) and text for details), (c) Scattering 
geometry to determine S± (purple arrow) by probing the [100] magnetic reflection associated 
with scattering from magnetic moments in the [OKL] plane (light grey), (d) Scattering 
geometry to determine Sn (red arrow) by probing the [001] magnetic reflection associated 
with scattering from magnetic moments in the [HK0] plane (light grey). 

magnetization density M{r) and can be written in terms of magnetic Fourier components E6l 
that for URu 2 Si 2 take the form M Q = J2 d 9d F d(Q) exp(-W d (Q)) exp(iQ ■ d)S%. Here d 
describes the position of the dth magnetic ion in the unit cell. g d , F d (Q), and exp(—Wd(Q)) 
are the Lande g-factor, the magnetic form factor and the Debye-Waller factor for the dth ion, 
respectively. 

URu 2 Si 2 crystallizes in the space group IA/mmm, and the antiferromagnetic order found 
in the HO state is described by the two uranium ions (0,0,0) and (1/2, 1/2 1/2) that exhibit 
antiparallel magnetic moments = (S\\ >x , S\\ >y , S±) and = (— S\\ >x , — S\\ >y , — S±), where 
S\\ = \/S» x + Su y - We denote the known component perpendicular to the tetragonal basal 
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Figure 2. Neutron scattering intensity is observed in maps recorded around the [100](a,b), 
[001](d,e) and [003](g,h) reciprocal space positions for temperatures T = 2.5 K (hidden order 
state) and T = 20 K (paramagnetic state), respectively. The measurement configuration for 
the data shown in (a,b) corresponds to Fig. [TJc), and therefore probes mostly the component 
of the magnetic moment perpendicular to the tetragonal basal plane S±, whereas (d,e,g,h) 
were measured in the configuration illustrated in Fig. [Tfd) and investigate the existence of 
the in-plane component Su . For all three reciprocal space positions measured, the intensity 
observed in the paramagnetic state is due to contamination from higher order scattering (see 
text). In (c),(f) and (i) we show maps where the intensity of T = 20 K was subtracted from 
the T = 2.5 K data set to remove the higher order scattering for the [100], [001], and [003] 
positions, respectively. The data in (a-c) were recorded by counting 1 min per point. In contrast 
data in (d-i) was obtained by counting 12 min per point. 



plane with S± (Fig.[T^a)), and the postulated component within the plane as S\\ ( Fig.JTJb)). 

Inspecting the (8 a p — QaQp) term in the magnetic cross-section it is clear that only 
components of the magnetic structure factor that are perpendicular to Q are visible for the 
current scattering geometry as illustrated in Fig. [T] Our sample was oriented in such a 
way that only [H0L] Bragg reflections were accessible. In these experiments we probed the 
components of the magnetic moments in two configurations. By measuring the intensity of the 
[100] magnetic Bragg reflection, only components parallel to the [0KL] plane (equivalent to 
the real space ac-plane) may be observed thus allowing us to probe the known component S± 
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Figure 3. Neutron scattering intensity observed in Q-scans through the (a) [100], (b)[001], 
and (c)[003] reciprocal positions for various temperatures. The Q-scans have been extracted 
from the maps such as the ones in Fig. [2] (a) Integrated intensities have been obtained by 
fitting the observed magnetic peaks with Gaussian profiles and a background. Uncertainties, 
where indicated are statistical in origin and represent one standard deviation. 



(Fig.[T^c)). Similarly, the existence of S\\ was investigated by measuring at the [001] position, 
which only generates magnetic intensity from spin components within the tetragonal basal 
plane (Fig. |TJd)). Furthermore, we have also measured the [003] reciprocal position, for 
which the geometry is identical to the [001] position, and therefore was also used to probe S\\ . 
We note that both the [100], [001], [003] reflections are forbidden structural reflections and 
all scattering observed at these positions will be purely magnetic. 

4. Results 

Fig. [2] shows maps of the observed neutron intensity as measured around the [100], [001] 
and [003] Bragg reflections, respectively. The maps were obtained by rotating the sample 
around the axis perpendicular to the [H0K] scattering plane used in our experiment. For the 
[100] reflection, which probes mostly S±, there is a difference in neutron intensity for the data 
taken at T = 2.5 K in the HO phase (Fig. |2[a)), and T = 20 K above T (Fig. gb)). Even 
in the 20 K data set a clear peak is visible which is due to higher-order scattering from the 
[002] reflection which is the most intense nuclear Bragg reflection. This was verified at the 
end of our experiment by inserting a third PG filter after the sample position, which in turn 
eliminated the higher-order scattering completely. To isolate the magnetic scattering from 
the temperature-independent higher order scattering, we additionally show a map that was 
obtained by subtracting the 20 K from the 2.5 K data set (Fig.|2jc)). As seen in this difference 
plot, there is a clear magnetic response corresponding to the previously observed magnetic 
structure with the magnetic moment parallel to the c-axis arises below T . 

In contrast, for the [001] reciprocal space position that purely probes S», there is no 
visible difference between measurements at T = 2.5 K (Fig.[2|cl)) and 20 K (Fig.^e)). This 
is also borne out in the difference data (Fig. |2jf)) indicating that within the detection limit of 
neutron diffraction S\\ ~ 0. Similar to the [100] position the temperature-independent intensity 
is due to higher order nuclear scattering. We note that the [001] reciprocal space position in 
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our setup with A = 2.36 A is near to the unscattered neutron beam, e.g. the scattering angle 
for [001] is 29 = 14.2 degrees, and thus is affected by an increased background. Therefore, 
we have carried out additional measurements around the [003] reciprocal space position that 
also is purely sensitive to Sn. While measurements at the [003] position are less sensitive 
to magnetic scattering compared to [001] because the magnetic form factor for U 4+ ions is 
almost 30% reduced, the background is significantly improved at [003]. The corresponding 
maps for [003] for T = 2.5 K and 20 K are shown in Figs. |2^g) and (h), respectively, and 
the difference map is shown in Fig.[2]T). Just as for the [001] position there is no additional 
magnetic intensity observed at the [003] reflection, confirming that Sn ~ 0. 

In order to provide an experimental upper limit for the size of Sn we plot Q- scans through 
the [100], [001], and [003] positions shown in Fig.|3]that have been extracted from the maps 
such as the ones in Fig. [2} In addition, we have measured more maps in the HO phase at [100] 
at T = 10 and 15 K, and at [001] and [003] at T = 10 K, and the corresponding extracted 
Q-scans are also plotted in Fig.[3j For all shown Q-scans the data recorded at T = 20 K was 
subtracted to remove the higher-order nuclear scattering. 

Q-scans through the [100] (cf. Fig. [3ja)) position show clear magnetic peaks arising in 
the HO phase. The integrated intensity of the [001] magnetic Bragg reflection was determined 
by means of fits with Gaussian profiles. The corresponding magnetic moment perpendicular 
to the tetragonal basal plane was calculated from the integrated intensity by calibrating with 
the integrated intensity of the [006] nuclear Bragg reflection. This reflection was the weakest 
nuclear Bragg reflection accessible in our experiment and was chosen to avoid the problem 
of extinction. Using this method we found that S± = 0.017(1) //b/U in agreement with the 
values reported in literature previously. flUEEOlQj]! The temperature dependence of S± is shown 
in Fig. [4} 

As demonstrated in Figs.^b) and (c) the Q-scans through the [001] and [003] positions 
show no peak at all, and no temperature dependence, clearly indicating the absence of any 
moment in the tetragonal basal plane. We note, that all measurements on the [100] position 
have been performed with count rates of 1 min per point, whereas the measurements around 
[001] and [003] have been carried out with 12 min per point, in turn resulting in 3.5 times 
better statistics. This allows us to define a simple experimental upper limit for Sn. As 
illustrated in Fig. [4] the magnitude of the size of magnetic moment perpendicular to the basal 
plane decreases to S± = 0.007(3) //b/U at T = 15 K, which is just below T . Notably, from 
the Q-scans through the [100] magnetic Bragg reflection at T = 15 K shown in Fig. [3ja) it 
is clear that Sj_(15 K) is at the detection limit of our experiments for scans performed with 
count rates of 1 min per point. 

Using the fact that the Q-scans around the [001] and [003] reciprocal space positions 
have been carried out with 3.5 better statistics, we thus can define a conservative detection 
limit for the in-plane component ^conservative <s ± (lb k)/3.5 = 2- 10~ 3 fi B /U. However, using 
both the magnetic form factor dependence for the reciprocal space positions investigated and 
the known temperature dependence of the known component of the magnetic moment S±, we 
may use the full statistics of the four Q-scans shown in Fig. [3^b) and (c) to define a more 
accurate detection limit. 
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Figure 4. The temperature dependence of the magnetic moment perpendicular to the 
tetragonal plane S± as measured on the [100] magnetic Bragg reflection is shown vs. 
temperature T. T denotes the transition temperature to the hidden-order phase. 



Considering the magnetic form factor for U 4+ ions on all three measured recipro- 
cal space positions [100], [001] and [003], we find that F d ([001])/F d ([100]) = 1.20 and 
F d ([003])/F d ([100]) = 0.86. Furthermore, inspecting Fig.fTJwe get S±( 10 K)/S± (2.5 K) = 0.8. 
Therefore, the full statistics of the four Q-scans performed at the [001] and [003] positions is a 



, / Sj_(10K) x2 
1 "T" vSl(2.5 K)> 



6.5 



factor ^12 ■ |[(F d ([001])/F d ([100])) 2 + (F d ([003])/F d ([100])) 2 

better than for the Q-scan carried out at the [100] position. Here we have used that the mag- 
netic neutron intensity is proportional to the square of both the magnetic moment and the 
magnetic form factor. Consequently Q-scans carried out around the [001] and [003] recip- 
rocal space positions with 6.5 better statistics would be able to detect a magnetic moment 

omax < £ ± ( 15 K y 6 5 = M0 -3 ^/y 



5. Discussion and Conclusion 



We note that the absence of a static in-plane component of the magnetic moment S\\ may be 
explained in terms of a fluctuating in-plane component. This possibility was not investigated 
in detail in this work, because current models suggest a static magnetic moment. ||2"T1 1221 
However, we note that because our experiment was carried out in the diffraction mode of BT- 
7 where the intensities are integrated over all final neutron energies after the scattering process 
at the sample, a fluctuating moment S\\ should have still led to some increased intensity at the 
[003] reciprocal space position if both the moment and the lifetime of the fluctuations were 
large enough. If the lifetime of the fluctuations were short or the fluctuating moment was 
very weak, only an energy-resolved neutron scattering experiment would be able to detect an 
in-plane fluctuating moment. This possibility will be investigated in future work. 

We briefly discuss the possibility of the parasitic character of the well-known out-of- 
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plane component S± of the magnetic moment. There are reports that the tiny magnetic 
moment S± is induced by strain that causes a small amount of the neighboring LMAFM phase 
to coexist with the HO phase. [|T2l ITTTl The presence of this parasitic phase would decrease the 
volume fraction of the HO phase, and therefore the size of a possible in-plane component Sy. 
However, comparing the measured moment in the LMAFM phase of 0.5 /ie/U with the known 
size of S± ~ 0.01-0.04 /ib/U in the HO phase, one estimates that the parasitic LMAFM phase 
would be less than 8%. For high quality samples such as the one used for this study it should 
be even smaller. Therefore, we conclude that a possible parasitic character of S± does not 
influence the upper bound for Su significantly. 

In conclusion our measurements provide an experimental upper limit for the size 
of the theoretically predicted component S\\ of the antiferromagnetically ordered static 
magnetic moments in the HO phase of the heavy fermion system URu 2 Si 2 . The established 
experimental limit S7j nax < 1 • 10~ 3 //b/U is more than an order of magnitude smaller than the 
value S^ eo = 0.015 /xb/U suggested by theory. Il22l This new limit is therefore an important 
constraint for present[|2Tl |22| and future theories that aim to model the OP of the notorious 
HO phase of URu 2 Si 2 . 
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